Abstract A decision support system (DSS) involving an approach for predicting wheat leaf rust (WLR) infection and progress based on night weather variables (i.e., air temperature, relative humidity, and rainfall) and a mechanistic model for leaf emergence and development simulation (i.e., PROCULTURE) was tested in order to schedule fungicide time spray for controlling leaf rust progress in wheat fields. Experiments including a single fungicide treatment based upon the DSS along with double and triple treatment were carried out over the 2007-2009 cropping seasons in four representative Luxembourgish wheat field locations. The study showed that the WLR occurrences and severities differed according to the site, cultivar, and year. We also found out that the single fungicide treatment based on the DSS allowed a good protection of the three upper leaves of susceptible cultivars in fields with predominant WLR occurrences. The harvested grain yield was not significantly different from that of the double and triple fungicide-treated plots (P<0.05).
Introduction
Wheat represents by far the major grain crop grown in the Grand Duchy of Luxembourg (GDL). In 2012, the area under wheat was 13,166 ha, with a total production of ca. 77,626 t (approximately 51 % of total cereal production) (Ministere de l'agriculture 2013). Several fungal diseases, including wheat leaf rust (WLR), affect the final yield throughout the growing season (El Jarroudi et al. 2009b) . Losses from WLR infections are usually less damaging than those from stem rust and stripe rust (Eversmeyer and Kramer 2000) ; the important annual losses are associated with its more frequent and widespread occurrence. Yield losses in susceptible cultivar can reach 14 to 29 % in Europe (Hartleb et al. 1995) and are mostly due to reductions in kernel weight (Huerta-Espino et al. 2010) . Reports in the Americas mention yield losses due to rust of 5-15 % in Canada, 10-22 % in the USA, up to 40 % in Mexico, and 9-51 % in Argentina (Moschini and Pérez 1999) .
In the GDL, fungal management strategies in winter wheat are mostly based on the control of Septoria tritici (El Jarroudi et al. 2009a ). However, WLR incidences have been observed to increase in severity over several growing seasons within the past decade (El Jarroudi et al. 2009b; El Jarroudi et al. 2012b) . With the accelerated damages currently being infringed on the environment, it has become mandatory to gather all possible knowledge to support cost-effective and environmentally friendly crop management systems. Chemical control of WLR has been neither effective nor economical because the complex interaction-ships between weather, amount of inoculum, rate of disease development, and reduction in yield have not been defined. The margin of profit to the wheat grower does not permit empirical use of fungicides. Therefore, assessing disease infection is of utmost importance since it is a key variable for optimizing fungicide spraying time in early warning systems Maraite 1999, 2000) . A reliable WLR forecasting system is thus essential if fungicides are to be effective and economical in reducing losses.
An empirical approach for predicting WLR infection and progress based on night weather variables (i.e., air temperature, relative humidity, and rainfall) has been tested and validated in the GDL (El Jarroudi et al. 2014) . Such an approach will be more valuable through the answer to this question: could it be used to define fungicide time sprays in wheat fields? Accordingly, we aimed at assessing in this study the efficiency of fungicide time sprays on wheat fields defined through a decision support system (DSS) involving the aforementioned approach for the disease progress and a mechanistic model for the development of the five youngest wheat leaves (i.e., PROCULTURE), as well as information on the susceptibility of the cultivar. As part of this study, the use of this decision support system (for recommending the optimum time of fungicides application) in operational context is then discussed.
Materials and methods

Study sites
Field experiments were conducted at Burmerange (49°29′N, 6°19′E), Christnach (49°47′N, 6°16′E), Everlange (49°46′N, 5°57′E), and Reuler (50°03′N, 6°02′E) over the [2007] [2008] [2009] cropping seasons. Agronomic details of these experiments are shown in Table 1 . Plant growth stages (GS) were assessed according to a decimal scale (Zadoks et al. 1974) . In each location and for each cropping season, the winter wheat cultivars (susceptible to weakly susceptible to WLR; BSA 2008) were sown in a randomized block design with four replicates (replicate plot size of 8.0×1.5 m). The fungicide treatments were realized by a trained person using a banister spray of 1.5 m width. A border of 1 m of uncropped land was maintained between the plots to avoid chemical interferences.
Visual assessments of the severity of WLR (percent of total leaf area covered by the disease symptom) on the top three leaves (L3 to L1, L1 being the flag leaf) were achieved between GS 31 and GS 85. Ten plants per plot were marked at the beginning of disease assessment and monitored weekly along the cropping season (from mid-April to early July). Other fungal diseases [i.e., Septoria leaf blotch (SLB), wheat powdery mildew, and Fusarium head blight (FHB)] were also monitored during the field observations.
Weather data [i.e., rainfall, mean air temperature, and relative humidity (RH)] were recorded every 10 min from automatic weather station located within 1 km of each experimental field. They were automatically retrieved from the webbased database system, subsequently preprocessed using an automatic data processing chain, and finally resampled to hourly temporal resolution (see for details Junk et al. 2008 ). In addition, from the beginning of the disease monitoring, forecasted weather conditions (over 7 days) were provided weekly by the Centre de Recherche Public-GabrielLippmann, Luxembourg.
Overview of the decision support system A schematic flowchart describing the DSS is shown in Fig. 1 . The DSS is made up of: (a) a mechanistic model allowing the simulation of leaf emergence and development (i.e., PROCULTURE). PROCULTURE simulates the development of the five youngest wheat leaves (L5 to L1) as well as the S. tritici inoculum available to infect those leaves. It works with hourly data of relative air humidity, air temperatures, and rainfall as input variables and runs at daily time step (Moreau and Maraite 1999); an approach involving both the determination of WLR infection days and the calculation of the latent period throughout the growing season. The number of completed and future infections is determined based on the favorable night periods (the start date of calculation being the first of May as the emergence of L3 is usually observed during that month in our study sites). (El Jarroudi et al. 2014) showed that the development of WLR requires a period of at least 12 consecutive hours (over two consecutive nights) with air temperatures ranging from 8 to 16°C, a relative humidity greater than 60 % (optimal values being 12-16°C and up to 80 % for air temperatures and relative humidity, respectively), and rainfall less than 1 mm. Moreover, from the emergence of each upper leaf (i.e., L3 to L1), the inverse of the latent period achieved was calculated for each day (see equation in Fig. 1 ). The day when the sum of these ratios reached 1 (100 % achieved) corresponded to the date of the WLR signs to be visible. In field, the fungicide treatment is usually recommended at the first appearance of the disease symptom (Rapilly 1991) .
The relevance and timing of the single fungicide spray as determined by the DSS was based on (a) the disease severity observed on leaves earlier in the cropping season, (b) the susceptibility of wheat cultivars, and (c) on the outputs of PROCULTURE. In addition, historical data of night favorable conditions and leaf rust occurrences were also taken into account as basis for a similarity analysis in order to evaluate the possible future degree of severity. In the DSS, the decision criteria to apply the single fungicide treatment is as follows: for susceptible cultivars (susceptibility ≥7; BSA 2008), at least three consecutive infection events were already calculated between the beginning of L3 emergence and GS 45, and the forecasted weather conditions favor both new infection events and the fulfillment of latent periods. For weakly susceptible cultivars (susceptibility ≤6), a recommendation of spray is only advertised if the forecasted night weather conditions allow several consecutive infection events.
Assessing the returns of the fungicide treatment based on the decision support system
The study took place within a large monitoring of wheat fungal disease framework in Luxembourg (El Jarroudi et al. 2012a; El Jarroudi et al. 2013) . Different fungicide treatments were usually planned and tested in each site. They consisted in single, double, and triple treatment, along with a control plot (no spray). Patterns of fungicide treatment were associated with wheat growth stages, and the products used were commercially available (Table 2) . Those treatments aim at protecting the upper leaves from the main fungal diseases (i.e., SLB, FHB, wheat powdery mildew, and leaf rusts). Over the study period, a single treatment based on the DSS was added to the scheduled fungicide spray plan. In order to assess the returns of the DSS-based fungicide treatment, a comparison between the final yields of experimental plots (control, single, double, and triple fungicide applications) was performed through an ANOVA (the fungicide treatment being the main effect tested). The gross yield for each plot was determined automatically during the harvest in field [use of a reaper type Wintersteiger (Wintersteiger AG, Austria), overall accuracy ±100 g] and was converted at the hectare scale using the actual harvested area (measured at the end of the season, approximately 1 week before). The final yield was then calculated at 14 % humidity (usual humidity percentage in marketed winter wheat in the GDL). Finally, the net return was determined on the basis of the price of breeding wheat, the cost of fungicide products and their application in fields. Fungicide and fungicide costs were obtained, thanks to the Lycée Technique Agricole of Ettelbrük. Wheat prices were provided by the Luxemburgish Administration Service de l'Agriculture. In our analysis, machinery and machinery maintenance costs, as well as costs related to fertilization and weed control, were omitted because they were the same both for control and fungicide-treated plots.
Statistical analysis (i.e., ANOVA) was done using the procedure PROC GLM of SAS® (V9.01, SAS Institute Inc., Cary, NC).
Results
Wheat leaf rust severity during the study period Field observations revealed high significant differences between sites, years, and cultivars (P<0.001). Two cropping seasons (i.e., 2007 and 2009) recorded an outburst of WLR, with an earlier apparition (at GS 45) of the disease in fields. Burmerange (South Luxembourg) was the site with high WLR severities over the three seasons, while low severities (not greater than 5 %, Fig. 2 ) were recorded at Reuler (North Luxembourg). More particularly, although an increase in WLR incidence was observed across all the sites during the 2007 cropping season (except at Reuler), such an increase was only observed at Burmerange in 2009 (data not shown).
Statistical differences between years were noted when comparing the average WLR severity of cultivars with the same susceptibility (e.g., Burmerange, Christnach; Table 1 and Fig. 2) , suggesting the effect of the weather conditions in the development of the disease. Additionally, any strong trend was found between the cultivar's susceptibility to WLR and the average observed severity. An example of a cultivar with susceptibility equal to 6 in fields located at Christnach and Reuler (Table 1) . For the first site, the average severity recorded in 2008 was 9 %, while for the latter site, this percentage was 1 (Fig. 2) . The same susceptible cultivar grown in different sites did not result necessarily in the same proportion of disease severity.
Using the decision support system knowledge for fungicide spray An example of the development of the three upper leaves, along with the simulated WLR infections and WLR progress, is depicted in Fig. 3 . Several infection events were simulated at the studied sites over the 2007 and 2009 cropping seasons through the approach used in the DSS, namely, at Burmerange (Table 3) .
Experimental fields at Burmerange
In 2007, from the beginning of L3 emergence (April 10), many periods of WLR infection conducive to its development have been simulated at Burmerange (Table 3) . Disease symptoms were observed on the lower leaves (i.e., L5) around April 16. Eight infection events were simulated between April 30 and May 15. A fungicide treatment was therefore achieved in experimental plots on May 15. The comparison between time and number of fungicide sprays at Burmerange showed that the treatment based on the DSS (applied at GS 45) allowed a good protection of the last three leaves (Fig. 4) . This single fungicide-treated plot resulted in a protection as effective as that of double-and triple-treated fungicide plots. However, fungicide treatments achieved either at GS 37 or GS 59 did not avoid infection events during late May and early June. These results were confirmed through the comparisons of final yields. Yields harvested on the DSS-based, double-and triple-treated plots were not statistically different (Table 4) , whereas the yield of DSS-based treated plot was significantly higher than those of control plots or the single fungicidetreated plot GS 37 (P<0.05, Fig. 4) .
In 2008, no infection events were simulated from the emergence of L3 (April 16) to the GS 39 (May 19) and only two events from GS 39 to GS 65 (June 2). A weak disease evolution was noted during this cropping season (total of six infection events simulated, Table 3 ). For this year, fungicide treatment was not therefore recommended. Furthermore, no significant difference was recorded between the WLR severities on the treated and control plots. The final yields were not significantly different, as well (Fig. 4) .
In 2009, similar conditions than the 2007 cropping season were observed. Eight infection events were simulated from the beginning of L3 emergence (April 17) to GS 45 (May 27). In addition, the symptoms have been already detected on the lower leaves (L5) at the end of April. At the beginning of May, L3 and L2 were infected (events also simulated through )+ Spiroxamine (500 g L the approach) and the first symptoms were observed on May 18 on the three upper leaves. A fungicide treatment was achieved in experimental plots on May 27 (GS 45). The three upper leaves in the DSS-based treated plots were satisfactorily protected. The maximum average WLR severity observed at GS 82 was less than 10 %, in the same range than that of the double-or triple-treated plots (Fig. 4) . Furthermore, the final yields of those three treated plots (DSS-based, double, triple treatments) were not statistically different, with the gains from the control plot almost similar (at least between the DSS-based and the double-treated plots, Table 4 ).
Experimental fields at Everlange, Christnach, and Reuler
In 2007, 20 WLR infection events conducive to WLR development were simulated at Christnach (Table 3) . Most of these infection events were simulated between the beginning of L3 emergence (April 11) and GS 59. A DSS-based single fungicide treatment was added and achieved on May 23 at GS 59. However, the comparison of final yields of DSS-based, singletreated and double-and triple-treated plots showed significant differences (P<0.05). This difference might be related to the presence of other diseases like SLB and FHB. At Christnach and Everlange particularly, an outbreak of SLB was recorded in 2007. Thus, the subsequent fungicide spray achieved on plots with double-and triple-planned treatments had led to a good protection and an increase of the final yield. At Everlange and Reuler, seven infection events were simulated (Table 3) over  the 2007 season. Yet, any conditions of WLR development were reached. Thus, no fungicide treatment was recommended.
In 2008 and 2009, few WLR infection events were simulated from the emergence of L3 to GS 39 in the three sites. The single fungicide treatment based on the DSS was not therefore recommended. 
Discussion
In Western Europe, more than 95 % of wheat acres are treated with fungicides (Jørgensen et al. 2008) , and around 70 % of the estimated volume of fungicides are used in cereals mainly for the control of Septoria leaf blotch (caused by Mycosphaerella graminicola) and leaf rusts (caused by Puccinia recondita and Puccinia striiformis) (Bancal et al. 2007 ). The European Union directives (2009/128/CE, Commission Europeenne 2009) oblige the member states to set up advice, training, and scientific support for growers in the domain of crop protection not only to ensure that the supply of plant raw materials is not interrupted, but also to limit potentially harmful side effects of agricultural land use, including pesticide applications. Such support could be provided through reliable and cost-efficient decision support systems. This study aimed at assessing in real time the development of leaf rust in winter wheat canopies in order to assist field observations and to determine the risks of infection of the upper leaves. The progression of the disease is evaluated in a dynamic way, which is impossible to do through regular observations, and information about infections is simulated before symptoms develop, at a time when they could still be controlled by a fungicide. We emphasized the definition of optimum time of fungicide sprays (i.e., single treatment) for WLR disease in the GDL. The time of fungicide sprays was based on a decision support system involving an approach based on night favorable weather conditions conducive to WLR infections and progress and leaf emergence and development simulation model. The combined effect of different night weather variables (i.e., air temperatures, RH, and rainfall) allowed the WLR infection on wheat leaves. The comparison between the different time and numbers of fungicide sprays, particularly at Burmerange, showed that the single fungicide treatment based on the DSS allowed a good protection of the last three leaves as effective as that of the double and triple treatment and ensured similar yield. WLR severities varied among years and sites over the study period. At the other sites generally, no DSS-based fungicide treatment was applied. Taking into account the importance of other fungal diseases than WLR in some sites for planning, the single treatment should positively impact the final yield. That aspect is currently investigated in the same study sites where the approach is coupled to an existing DSS for SLB monitoring. The conclusions of such studies might provide sound knowledge useful for operational fungal disease warning system in countries with temperate climate. Furthermore, collaborations have been established with some research teams of the INRA Paris-Grignon (France), Earth & Life Institute, Université Catholique de Louvain (Belgium), and the University of Bologna (Italy) to evaluate the DSS under different field conditions. Further researches will also focus on the study of inoculum arrival and disease dispersal in the field to better understand and control the disease in ways that are more respectful of the environment.
A better fine tuning of the DSS will involve the effective assessment (i.e., spore dispersion) of these spores in the same field. Spores are needed for infections to occur (exogenous inoculum). Next infection events and the disease spread in the same field or among fields are strongly related to weather conditions (e.g., wind, relative humidity, air temperatures; Nagarajan and Singh 1990; Rapilly 1991) . The detection of airborne inoculum by spore traps and its coupling to a reliable model of dispersion could help in improving the forecasting approach of WLR occurrences (by reducing the false alarm ratio and increasing the probability of detection). Preliminary GS 37, GS 45, and GS 59 refer to plots with fungicide treatment applied at growth stages GS 37, GS 45, and GS 59, respectively (Zadoks et al. 1974) ; 2T is the plot with two fungicide treatments (the first spray is achieved at GS 32 and the second at GS 59); 3T is the plot with three fungicide treatments (the first spray is achieved at GS 32, the second at GS 37, and the third at GS59); and control is the plot with no fungicide treatment. Significant different variations among treatment are indicated by different letters (P<0.05). The asterisk indicates the single fungicide treatment based upon the decision support system results relating to the use of airborne inoculum data in the Walloon region, Belgium revealed that such information might be satisfactorily integrated in our DSS (A. Legrève and M. Duvivier, personal communication) .
Strategies for controlling WLR in fields include the use of resistant cultivars. The range of genotypes differing in rust susceptibility was unequally distributed among sites during the study period (Table 1) . In this paper, we did not focus on the effect of cultivar susceptibility on the distribution of WLR across sites. Moreover, for cultivars with susceptibility ≤6, the conditions for WLR development and progress were not reached, based on our DSS, and consequently, no recommendation for fungicide application was made. A long time period of monitoring involving such susceptible cultivars and favorable night conditions conducive to WLR progress should inform on the performance of the DSS in that cases.
One might wonder why a unique product was not used for the single fungicide treatment recommended through the DSS. Fungicides composed of several active ingredients are used in order to get a broad effective control of many fungal diseases and prevent the development of pathogen resistance. Given the declining of the effect of strobilurin due to resistance, triazoles are mainly recommended for the WLR and SLB control worldwide (Zlof and Sunley 2011) . Strobilurins were however kept in the scheme of fungicide treatment as the foliar treatment in wheat results in both suppressing foliar diseases (including WLR) and extending the time of leaf area greenness (and consequently increase the final grain yield) (Gooding et al. 2000; Dimmock and Gooding 2002; Ruske et al. 2004) .
In summary, this study shows that the simulation of WLR infection and progress and information on the susceptibility of the cultivar could help scheduling a single fungicide treatment in winter wheat fields. For fields with predominant fungal diseases other than WLR, this approach should be integrated/coupled to the existing one for more efficiency. Further researches are required to better adapt specific preventive practices (chemical control) and increase in turn final yields for more profitability. 
